Genetic characterization was performed for 10 group I Clostridium botulinum strains isolated from botulism cases in Japan between 2006 and 2011. Of these, 1 was type A, 2 were type B, and 7 were type A(B) {carrying a silent bont/B [bont/(B)] gene} serotype strains, based on botulinum neurotoxin (BoNT) production. The type A strain harbored the subtype A1 BoNT gene (bont/ A1), which is associated with the ha gene cluster. The type B strains carried bont/B5 or bont/B6 subtype genes. The type A(B) strains carried bont/A1 identical to that of type A(B) strain NCTC2916. However, bont/(B) genes in these strains showed singlenucleotide polymorphisms (SNPs) among strains. SNPs at 2 nucleotide positions of bont/(B) enabled classification of the type A(B) strains into 3 groups. Pulsed-field gel electrophoresis (PFGE) and multiple-locus variable-number tandem-repeat analysis (MLVA) also provided consistent separation results. In addition, the type A(B) strains were separated into 2 lineages based on their plasmid profiles. One lineage carried a small plasmid (5.9 kb), and another harbored 21-kb plasmids. To obtain more detailed genetic information about the 10 strains, we sequenced their genomes and compared them with 13 group I C. botulinum genomes in a database using whole-genome SNP analysis. This analysis provided high-resolution strain discrimination and enabled us to generate a refined phylogenetic tree that provides effective traceability of botulism cases, as well as bioterrorism materials. In the phylogenetic tree, the subtype B6 strains, Okayama2011 and Osaka05, were distantly separated from the other strains, indicating genomic divergence of subtype B6 strains among group I strains.
C
lostridium botulinum bacteria are Gram-positive, spore-forming, anaerobic bacteria that produce extremely potent proteinaceous neurotoxins known as botulinum neurotoxins (BoNTs). These BoNTs cause a neuroparalytic illness, botulism, in humans and animals (1, 2) . Because of their high toxicities, BoNTs and C. botulinum are considered potential weapon materials for bioterrorism and are managed under strict biosafety regulations (3, 4) . BoNTs are classified into 7 distinct serotypes (BoNT/A to BoNT/G) based on their immunological specificity (5) . A novel serotype, BoNT/H, has also been reported recently (6, 7) . The nucleotide sequences of the BoNT gene (bont) vary within each serotype, allowing further classification of BoNTs into subtypes or genetic variants (8, 9) .
Most C. botulinum strains produce a single serotype of BoNT; however, several strains, such as type Ab, Af, Ba, and Bf bivalent strains, express more than 1 toxin serotype. The uppercase letter denotes the dominant toxin type. Additionally, some type A strains carry a type B bont gene (bont/B) that does not produce active toxin proteins due to mutations or truncations. Type A strains carrying the silent bont/B [bont/(B)] gene are designated type A(B) strains (10, 11) . The bont genes exist in several specific locations of the C. botulinum genome (on a chromosome or plasmid), depending on the strain type. In type A(B) strains, the bont/A and bont/(B) genes are located in the arsC and oppA/brnQ operon, respectively, on the chromosome (12) . In these genomic locations, these genes are associated with toxin accessory genes and form toxin gene clusters. Two main toxin gene clusters, ha and orfX, are known (13) (14) (15) (16) .
C. botulinum strains are also classified into 4 groups (I to IV) based on their biochemical and physiological properties. Strains in groups I and II primarily cause human botulism (17, 18) .
Group I strains are proteolytic and produce A, B, or F toxins, whereas group II strains are nonproteolytic and produce B, E, or F toxins. There are 4 naturally occurring forms of botulism in humans (19, 20) . Food-borne botulism and infant botulism are common forms of botulism and are reported relatively often in many areas of the world. On the other hand, adult intestinal colonization (or adult intestinal toxemia) and wound botulism are rare forms of botulism. There are also reports of botulism caused by accidental overdose of BoNTs during medical and cosmetic use (21, 22) .
Several large outbreaks of food-borne botulism were reported in Japan between 1951 and 1985. Most of these outbreaks occurred in the northern area of Japan and were type E botulism caused by the traditional fermented fish food izushi (23, 24) . Food-borne botulism became sporadic after this period, although a large outbreak of type B botulism caused by imported preserved green olives occurred in 1998 (18 patients, no deaths) (25) . Since 2000, only 2 food-borne cases (3 patients, no deaths) have been reported to date (26) . The first case of infant botulism in Japan was reported in 1986 (27) ; thereafter, 31 additional infant botulism cases have been reported to date (28) . These cases included 21 type A (68%), 5 type B (16%), and 5 other or unknown types (16%). No deaths from infant botulism have been reported in Japan. Although no cases of wound or adult intestinal colonization botulism have been officially reported in Japan, 3 cases of unclassified adult botulism were reported between 2008 and 2013 (3 patients, 1 death). Botulism is a rare disease in Japan, and the isolation of C. botulinum is infrequently reported. Therefore, detailed genetic characterization of recently isolated clinical strains in Japan is of significance both for genotype comparison with strains from other areas and for better understanding of botulism's epidemiology. In this study, we performed detailed characterizations of 10 group I C. botulinum strains isolated in Japan between 2006 and 2011.
MATERIALS AND METHODS
Bacterial strains. The C. botulinum strains analyzed in this study are listed in Table 1 . These strains were isolated from 9 independent botulism cases in Japan. The isolation of C. botulinum strains from clinical and environmental specimens was performed with a conventional culture method using cooked meat (CM) medium (Becton Dickinson, Sparks, MD) and Gifu anaerobic medium (GAM) and Clostridium welchii egg yolk agar plates (Nissui Pharmaceutical, Tokyo, Japan). The BoNT serotype of each strain was determined with a mouse protection assay (19) using standard anti-BoNT antiserum (National Institute of Infectious Diseases [NIID], Tokyo Japan). All animal experiments were conducted with the approval of the NIID Institutional Animal Care and Use Committee. The presence of corresponding bont genes in these strains was confirmed using PCR methods (29, 30) .
DNA extraction. Before DNA preparation, CM medium cultures of the C. botulinum strains were spread on Clostridium welchii egg yolk agar plates and incubated at 37°C under anaerobic condition to form colonies. A single colony of each strain was selected, inoculated into CM medium, and cultured at 37°C for 24 to 48 h. After growth in CM medium, strains were inoculated into brain heart infusion (BHI) medium (Becton Dickinson) and cultured anaerobically at 37°C until the mid-log phase. Genomic DNAs were extracted from 1 ml of BHI culture using a DNeasy blood and tissue kit (Qiagen, Hilden, Germany) with pretreatment for Gram-positive bacteria according to the manufacturer's instructions. Small plasmid DNAs were extracted from the same BHI culture using a QIAprep spin miniprep kit (Qiagen) according to the manufacturer's instructions, with slight modifications. Briefly, 20 mg/ml lysozyme in buffer P1 (bacterial pellet resuspension buffer) was added and the mixture was incubated at 37°C for 15 min before the addition of buffer P2 (lysis buffer). Plasmid DNA fractions were concentrated via ethanol precipitation depending on yield.
PCR analysis and DNA sequencing. PCR amplification of the orfX and ha cluster regions was performed using the primer pairs listed in Table 2 . PrimeStar HS DNA polymerase (TaKaRa Bio, Tokyo, Japan) was used for PCR under the following conditions: 30 cycles at 98°C for 10 s, 55°C for 15 s, and 72°C for 4 min. PrimeStar Max DNA polymerase (TaKaRa Bio) was also used for PCR under the following conditions: 30 cycles at 98°C for 10 s, 55°C for 15 s, and 72°C for 25 s. Amplified DNA fragments that contained bont genes (X4 and H3 fragments) were sequenced with a primer-walking strategy using an ABI 3130xl genetic analyzer (Applied Biosystems, Foster City, CA). The sequencing primers are listed in Table  S1 in the supplemental material. The detection of 21-kb plasmids (pMI06, pMI06-01, and pTO08) in type A(B) strains was also performed with PCR using PrimeStar Max DNA polymerase and the primer pairs listed in Table 2 . The conditions were 30 cycles at 98°C for 10 s, 55°C for 15 s, and 72°C for 30 s.
PFGE and MLVA of type A(B) strains. Pulsed-field gel electrophoresis (PFGE) was performed based on a protocol reported by Johnson et al. (31) . The restriction endonuclease SmaI was used to digest genomic DNA. Fingerprinting II software (Bio-Rad, Hercules, CA) was used to compare PFGE patterns and draw the dendrogram. Multiple-locus variable-number tandem repeat analysis (MLVA) was performed based on a protocol reported by Macdonald et al. (32) . Ten genomic regions containing variable-number tandem repeat (VNTR) markers were amplified by the re- TCTATGACTAGATTCTTTTC  1R  CTTGCTGAGTAAGGTCTATG  2F  GCGATACCAGTTGCCCACGC  2R  GCTTTTCCCTTTATCTCTTC  3F  AAGATCTTGAGAAATTAGTA  3R  CAATAATTGAACTTGATAAG  4F  AAGACGTTATAATATTAAGA  4R  TAGCTTTGCCGCTATATATT  5F  CTTTATTTATGGAATAGTTA  5R  ATTGTTATTAAAACTATTTT  6F  AATAGGAAGTAGAAGTTTTA  6R TAATGACTACACTAAATATC a Forward (F) and reverse (R) primers for each amplicon are shown.
ported primers (32) and sequenced. The lengths of these amplified fragments were compared between strains. A dendrogram was created with the Ward method using R software. Whole-genome sequencing and single-nucleotide polymorphism (SNP) analysis. DNA libraries of the ϳ600-bp-long inserts of the C. botulinum strains were prepared using a Nextera XT sample preparation kit (Illumina, San Diego, CA). The sequencing run for paired-end reads was performed using an Illumina Genome Analyzer IIx (GA IIx) and TruSeq SBS kit version 5 or an Illumina MiSeq and MiSeq reagent kit version 2 (Illumina) according to the manufacturer's instructions. To construct simulated paired-end reads from the available genomic sequences of other C. botulinum strains, we used Maq software (version 0.7.1) (33) with the "Maq simulate" command and the following modifications of the default parameters: number of pairs of reads, N 10,000,000; mutation rate, r 0; fraction of 1-bp indels, R 0; and paired-end read length of 80-mer, 1 80 2 80. These parameters generated 20 million 80-mer hypothetical reads with neither mutations nor indels from the genomic sequences used for singlenucleotide variation (SNV) identification. To generate short-read mapping data of all C. botulinum strains compared to the reference chromosome sequence of C. botulinum ATCC 3502 (NC_009495), we used BWA-SW (34) and SAMtools (35) software as the default parameters. All SNVs were extracted using VarScan version 2.3.4 (36) with the default parameters. All SNVs were concatenated to generate a pseudosequence for phylogenetic analysis. The maximum-likelihood-based DNA analysis program (RAxML version 7.25) (37) was used for phylogenetic analysis with 1,000-times bootstrapping. FigTree version 1.2.3 software was used to display the tree that was generated. Before de novo assembly, the short reads obtained were assembled using A5 assembler (38) or CLC Genomics Workbench 5.0 (CLC Bio, Katrinebjerg, Denmark) with the default parameters.
Nucleotide sequence accession numbers. The nucleotide sequences of the representative bont genes analyzed in this study were deposited into the DDBJ, ENA, and GenBank databases under the following accession numbers: bont/A1 and bont/(B) of Miyagi2006, AB665554 and AB665555; bont/(B) of Iwate2007, AB665556; bont/(B) of Ibaraki2007, AB665557; bont/B5 of Ehime2011, AB665553; and bont/B6 of Okayama2011, AB665558. The nucleotide sequences of plasmids pIB07, pMI06, pMI06-01, and pTO08 were deposited into the databases under accession numbers AB859731, AB910391, AB910519, and AB910520, respectively. The whole-genome-sequencing short reads have been deposited in the DDBJ Sequence Read Archive under accession number DRA002253.
RESULTS
C. botulinum strains isolated from botulism cases in Japan. Ten botulism cases were reported in Japan between September 2006 and June 2011. Eight of these cases were infant botulism, and 2 were adult cases (annual surveillance data of notifiable diseases, NIID Infectious Diseases Surveillance Center [http://www.niid.go .jp/niid/ja/allarticles/surveillance/2085-idwr/ydata/3329-report -ea2011.html]). One of the adult cases was reported in 2007 as type E food-borne botulism caused by homemade fermented fish food. The other adult case (reported in 2008) was type A botulism of unknown cause. With the exception of the type E adult food-borne case, C. botulinum strains were isolated in all cases. These strains are listed in Table 1 . Nine C. botulinum strains were isolated from 8 infant botulism cases. Of these strains, 6 were type A(B) serotype (strains Miyagi2006, Miyagi2006-01, Iwate2007, Ibaraki2007, Iwate2008, and Fukuoka2010), 1 was type A (strain Aichi2011), and 2 were type B (strains Ehime2011 and Okayama2011). Two of these strains, Miyagi2006 and Miyagi2006-01, were obtained from the same infant botulism case (isolated from patient feces and well water at the patient's house) ( Table 1 ). In the adult type A botulism case, a type A(B) strain, Tochigi2008, was isolated. This adult case was recorded as an unclassified botulism case; however, a retrospective review has suggested the possibility of adult intestinal colonization botulism, based on the following characteristics: (i) the presence of abundant C. botulinum bacteria in the patient's feces, (ii) detection of C. botulinum bacteria in feces more than 1 month after disease onset, (iii) no detection of BoNTs or C. botulinum in remaining foods or patient environment, and (iv) advanced age of the patient (83 years).
Analysis of bont gene subtypes and organization. Before undertaking large-scale genomic analysis of the C. botulinum strains in Table 1 , we characterized the bont gene subtypes and organization of these strains. We designed PCR primers to amplify bont gene clusters (orfX and ha) based on the draft genome sequence of the type A(B) strain NCTC2916 (GenBank accession number ABDO02000001). The primer pairs listed in Table 2 amplify the orfX cluster with 4 amplicons (X1 to X4) and the ha cluster with 3 amplicons (H1 to H3) (Fig. 1A) . The results of this PCR analysis are shown in Fig. 1B . We obtained all 7 PCR products (X1 to X4 and H1 to H3) in the 7 type A(B) strains, suggesting that these strains have a bont gene organization similar to that of NCTC2916. Three PCR products (H1 to H3) were obtained in the 2 type B strains (Fig. 1B) . In the type A strain Aichi2011, only X4 and H1 segments were amplified (Fig. 1B) , suggesting that bont/A of this strain is present in the ha cluster. The absence of PCR products of the X3 or H2 amplicon (containing the ntnh gene) in Aichi2011 is probably attributable to the hybrid nature (ha/orfX) of the ntnh gene region in this strain (12) .
We then sequenced the bont genes in the X4 and H3 fragments, which showed that the bont/A genes from the 7 type A(B) strains were identical to bont/A1 of the NCTC2916 strain. The bont/(B) genes of type A(B) strains were also almost identical to that of NCTC2916 but exhibited SNPs among strains. Two SNPs at nucleotide (nt) positions 53 and 565 of bont/(B) were identified. In the bont/(B) genes of Ibaraki2007 and Iwate2008 strains, nt 53 and 565 are A and G, respectively. This pattern was identical to that of the NCTC2916 strain (Table 3, SNP pattern 3) . However, Miyagi2006, Miyagi2006-01, and Tochigi2008 have T at nt 53, whereas Iwate2007 and Fukuoka2010 have T at nt 53 and A at nt 565. The bont/(B) genes of Miyagi2006, Miyagi2006-01, and Tochigi2008 (Table 3 , SNP pattern 1) are identical to those of the CDC3517 (GenBank accession number FJ981691) and CDC5178 (GenBank accession number FJ981693) strains (15) . The bont/(B) genes of Iwate2007 and Fukuoka2010 (Table 3 , SNP pattern 2) are identical to those of the CDC4893 (GenBank accession number FJ981692) and CDC5277 (GenBank accession number FJ981694) strains (15) .
The bont/A gene of Aichi2011 was subtype A1 and was identical to those of the ATCC 3502 (GenBank accession number NC_009495) and Hall (GenBank accession number NC_009698) strains (39) . The bont/B gene of Ehime2011 was bont/B5 and was identical to that of the type Bf strain CDC3281 (GenBank accession number GQ244313) (40) and plasmid pCLJ of the type Ba strain 657 (GenBank accession number CP001081) (41) . The bont/B gene of Okayama2011 was similar to that of the Osaka05 strain (GenBank accession number AB302852) (42) and was established as subtype B6 (8) . Four SNPs were found in a comparison of the bont/B6 genes of Osaka05 and Okayama2011. One of these SNPs (A2562C, with C instead of A at position 2562) affects the amino acid sequence (K854N).
PFGE and MLVA analyses of type A(B) strains. The type A(B) strains analyzed in this study were separated into 3 groups according to the SNP patterns of bont/(B) ( Table 3) . To test whether other typing methods could discriminate type A(B) strains, we performed PFGE and MLVA. Figure 2A shows the results of PFGE using the SmaI-digested genomic DNA of 6 type A(B) strains. We observed 3 distinct PFGE patterns. (Fig. 2A) . Three genetic background groups among type A(B) strains predicted by bont/(B) SNPs were also discriminated using PFGE. Figure 2B shows the results of MLVA typing according to 10 VNTR markers (32) . MLVA was also able to separate the 6 type A(B) strains into 3 groups consistent with those determined with bont/(B) SNP patterns and PFGE. However, MLVA identified a difference between Iwate2007 and Fukuoka2010 in a single VNTR marker (VNTR3). MLVA provided better resolution than PFGE in this study.
Small plasmids in type A(B) strains. While preparing genomic DNA, we noticed that 4 of the type A(B) strains (Iwate2007, Ibaraki2007, Iwate2008, and Fukuoka2010) harbored small plasmidlike DNAs of approximately 6 kb in size (Fig. 3A, lanes 3, 4, 6 , and 7). We characterized the DNA from the Ibaraki2007 strain (designated pIB07). The digestion of pIB07 DNA with HindIII yielded 2 DNA fragments of approximately 3.2 and 2.8 kb (Fig.  3B) . We cloned these 2 fragments into a pUC19 plasmid and sequenced them using a primer-walking strategy, which showed that the pIB07 sequence was identical to one of the contigs of the NCTC2916 genome sequence (GenBank accession number NZ_ABDO02000015). The confirmed size of pIB07 is 5,926 bp, and it carries 5 genes larger than 150 bp (Fig. 3C) . These genes are for a replication initiation protein, a plasmid recombination enzyme, a putative lipoprotein, and two hypothetical proteins. The electrophoresis patterns shown in Fig. 3A also indicate that 3 type A(B) strains (Miyagi2006, Miyagi2006-1, and Tochigi2008) might lack the pIB07-like plasmid, but these strains were assumed to have larger plasmids (Fig. 3A, lanes 1, 2, and 5) .
Genome sequencing analysis. To obtain more detailed genomic information, we sequenced the genomes of the 10 C. botulinum strains using a next-generation DNA sequencing platform. The sequencing and assembly results are summarized in Table S2 in the supplemental material. The estimated genome coverage of the sequences obtained ranged from 66-to 309-fold among strains, although the assembly results were less favorable in 3 strains (Miyagi2006, Miyagi2006-01, and Ehime2011).
In these sequencing data, we found sequences that were identical to that of the pIB07 plasmid in 4 type A(B) strains (Iwate2007, Ibaraki2007, Iwate2008, and Fukuoka2010), whereas the other 3 type A(B) strains (Miyagi2006, Miyagi2006-01, and Tochigi2008) did not carry this sequence (data not shown). This finding was consistent with the results of electrophoresis shown in Fig. 3A . Interestingly, however, we found plasmidlike sequences of approximately 21 kb in the Miyagi2006, Miyagi2006-01, and Tochigi2008 strains instead of the pIB07 sequence. These 21-kb sequences showed partial homology to previously reported C. botulinum plasmids pBOT3502 (GenBank accession number AM412318) of the type A strain ATCC 3502 (39) , pCLI (GenBank accession number CP000729) of the type F strain Langeland, and pCBF (GenBank accession number CP002012) of the type F strain 230613 (43) . We hypothesized that these 21-kb sequences might Miyagi2006  T  G  1  Miyagi2006-01  T  G  1  Tochigi2008  T  G  1  Iwate2007  T  A  2  Fukuoka2010  T  A  2  Ibaraki2007  A  G  3  Iwate2008  A  G  3  NCTC2916  A  G  3 be the larger plasmids observed in the electrophoresis results shown in Fig. 3A (lanes 1, 2, and 5 ).
To confirm this hypothesis, we undertook PCR scanning analysis to detect the plasmids from 3 strains. The genomic DNA fractions of the type A(B) strains were analyzed using PCR with primer pairs that covered the 21-kb plasmid with 6 amplicons (Fig. 4) . As expected, these PCR scans were all positive in the Miyagi2006, Miyagi2006-01, and Tochigi2008 strains but negative in the type A(B) strains that carry the pIB07 plasmid. These results indicated that 3 strains carry 21-kb plasmids, as predicted by elec- (Table 3 ). The Miyagi2006-01 strain had PFGE and MLVA patterns identical to those of the Miyagi2006 and Tochigi2008 strains (data not shown). trophoresis (Fig. 3A) and genome sequencing. The plasmids from these strains were 21,001 bp in size and contained 17 coding sequences (CDSs), including a bacteriocin gene that was identical to the boticin B gene (btcB) from the type B C. botulinum strain 213B (44) . The sequences of plasmids pMI06 (from Miyagi2006) and pMI06-01 (from Miyagi2006-01) were identical; however, compared with the other 2 plasmids, plasmid pTO08 from Tochigi2008 had 3 SNPs.
Comparison of these plasmids with pBOT3502 and pCLI (pCBF) revealed their chimeric nature. Half of the pMI06, pMI06-01, and pTO08 regions (the region containing dnaE and bacteriocin biosynthesis genes) had homology with the pBOT3502 plasmid, and the other half (containing a putative replication protein gene) was similar to the pCLI (pCBF) plasmid, suggesting genetic exchange events among plasmids between different C. botulinum serotype lineages (Fig. 5) .
Whole-genome SNP analysis. Using genome sequence data, we then performed whole-genome SNP analysis. In addition to the 10 genomes sequenced in this study, 13 previously reported group I C. botulinum genomes, from the ATCC 3502, Hall, ATCC 19397, Kyoto, Loch Maree, H04402 065, NCTC2916, Okra, 657, Bf, Osaka05, 230613, and Langeland strains, were analyzed (Table  4) . Comparative genome analysis revealed a 1,284,104-bp sequence as a core genome (33.04% of the genome sequence of the ATCC 3502 strain), and 86,140 core genome SNP sites were extracted (see Table S3 in the supplemental material). The phylogenetic tree based on these SNP markers is shown in Fig. 6 and is well matched with the trees based on bont gene sequences or amplified fragment length polymorphism (AFLP) analysis (5), suggesting that it reflects genomic features and variations among strains. In this tree, the subtype B6 strains Okayama2011 and Osaka05 were distantly separated from the other strains (Fig. 6 ). Approximately 50% of the total core genome SNP markers of these strains did not match those of the other subtype strains (see Table S4 in the supplemental material). The subtype B5 strain Ehime2011 was clustered with bivalent strains 657 and Bf. The subtype A1 strain Aichi2011 was clustered with type A strains ATCC 3502, ATCC 19397, and Hall. The type A(B) strains and subtype A2 strain Kyoto formed a large cluster within which type A(B) strains were separated into two clades (Fig. 6) .
One of these type A(B) clades contained strains harboring a 5.9-kb plasmid (the pIB07 plasmid), and the other contained strains carrying 21-kb plasmids (pMI06, pMI06-01, and pTO08). The phylogenetic tree of these A(B) strain clades is magnified in Fig. 7A . In the clade of pIB07-harboring strains, Ibaraki2007 and Iwate2008 are not discriminated from each other by bont/(B) gene sequencing (Table 2) , PFGE ( Fig. 2A) , or MLVA (Fig. 2B) ; however, 1 SNP was detected in a comparison of these strains (Fig. 7B) . Conversely, the Iwate2007 and Fukuoka2010 strains, in which a single VNTR marker difference was observed in the MLVA results (Fig. 2B) , had 10 SNP marker mismatches (Fig. 7B) . A single SNP marker mismatch was also found in a comparison of the Miyagi2006 and Miyagi2006-01 strains, which were derived from the same infant botulism case (Fig. 7B) .
DISCUSSION
We performed genetic characterization of 10 C. botulinum strains isolated from 9 botulism cases in Japan. These cases occurred across a wide area of Japan; therefore, we were particularly interested in determining whether these strains have genetic relationships or regional differences. The analysis showed that most of the bont genes sequenced in this study were found in the database with complete identity; only the bont/B6 gene of Okayama2011 was a novel sequence, with 4 SNPs compared with bont/B6 of the Osaka05 strain (42) . Osaka05 is the first subtype B6 strain isolated in Japan, from a 2005 infant botulism case. To our knowledge, only 2 subtype B6 strains have been reported to date. Both strains were isolated in Japan; however, whether these strains are indigenous to the country or distributed worldwide is unknown. In the whole-genome SNP analysis, Okayama2011 and Osaka05 formed a distinct clade and separated distantly from the other group I strains (Fig. 6) . However, 14,123 SNPs were identified between the Okayama2011 and Osaka05 strains (16.4% of total core genome SNP markers), suggesting considerable genetic variations in these strains (see Table S4 in the supplemental material). Previous studies of Osaka05 have reported that the bont/B6 gene of this strain is located on a large plasmid of approximately 280 kb (42, 45) . In the present study, we found that bont/B6 of Okayama2011 was present on a large contig that has homology to the plasmids pCLD (GenBank accession number CP000940) of strain Okra, pCLJ (GenBank accession number CP001081) of strain 657, pCLK (GenBank accession number CP000963) of strain Loch Maree (41) , and pCLQ (GenBank accession number AOSX01000021) of strain Af84 (46) (data not shown), suggesting that bont/B6 of Okayama2011 is also located on a large plasmid, similar to the bont gene-carrying plasmids reported to date. Further genomic analysis of the Okayama2011 and Osaka05 strains will clarify the structure of bont/B6-carrying plasmids and genetic variations between these strains.
Another type B strain characterized in this study was Ehime2011, which carries bont/B5 as the only bont gene in the genome. Subtype B5 is known as a bivalent B subtype (bvB or Bbv) and is often found in bivalent strains like 657 and Bf (Table 4) . However, there are also reports of strains that carry bont/B5 as the single toxin gene in the genome (47) . Ehime2011 is thought to be genetically related to bivalent strains, as demonstrated by wholegenome SNP phylogenetic analysis (Fig. 6) .
Type A C. botulinum strains carrying bont/A1 genes associated with the ha cluster are frequently identified in botulism cases worldwide (12, 13) . ATCC 3502, ATCC 19397, and Hall are the type strains of this lineage. Aichi2011 in this study also belongs to this lineage. However, whole-genome SNP analysis identified approximately 900 to 1,300 SNPs in comparisons of Aichi2011 and Tables S3 and  S4 in the supplemental material). These core genome SNP markers may be useful for epidemiological and forensic studies of this lineage that require high resolution for strain discrimination. Type A(B) strains have been isolated most frequently in recent botulism cases in Japan. Among the 7 type A(B) strains in this study, Miyagi2006 and Miyagi2006-01were derived from the same infant botulism case. At the time this case was investigated, these strains were considered identical because no differences were found in their PFGE patterns (48) . The Miyagi2006-01 strain (isolated from well water) was thought to be an infection source or a contaminating bacterium originating in the patient's feces. However, the results of whole-genome SNP analysis showed a difference in one SNP marker between the Miyagi2006 and Miyagi2006-01 strains (Fig. 7B) . We interpreted this difference as the variation of a single C. botulinum strain and consider these strains identical, although the frequency of SNPs in C. botulinum has not been thoroughly investigated. Similarly, we also regarded the Ibaraki2007 and Iwate2008 strains as identical (Fig. 7B) . However, Ibaraki2007 and Iwate2008 were isolated from independent infant botulism cases that occurred in distantly separated areas at different times, raising the question of whether these type A(B) strains are distributed widely in the natural environment, including soil, in Japan or are present in a common source of infection, such as commercial food products (49, 50) , although honey was not ingested in either of the cases. This question should be addressed in further studies.
Before this study, 7 type A(B) strains had been regarded as similar strains. However, the results of whole-genome SNP analysis clearly delineated 2 distinct lineages of type A(B) strains ( Fig.  6 and 7A ). Approximately 10,000 SNP markers (12% of the total SNP markers analyzed in this study) differed between these 2 lineages (Fig. 7B) . Subtype A2 strain Kyoto is located between these 2 lineages ( Fig. 6 and 7A ). The presence of these 2 lineages was also determined through analysis of the plasmid profiles of type A(B) strains (Fig. 3A and 7A) . C. botulinum strains reportedly carry plasmids of a variety of sizes (41, 47, 51, 52) ; however, small and medium plasmids without bont genes have not been extensively characterized. The analysis of small plasmids in C. botulinum may be useful for strain characterization and discrimination.
In this study, we characterized C. botulinum strains isolated recently in Japan and showed that small-plasmid profiling and whole-genome SNP analyses are promising tools for epidemiological studies and discrimination of C. botulinum strains. Further analysis of C. botulinum strains using these strategies will provide better understanding of the epidemiological aspects and genetic features of this bacterium.
